During the last years, two new subjects among the others have risen interest in the field of small scale electric power generation: .advanced microturbines and Solid Oxide Fuel Cells.
Nomenclature
A, cell active area (cm') cps, specific heat at ambient temperature (1c. Trr turbine inlet temperature (total conditions) TOT turbine outlet temperature (total conditions)
INTRODUCTION
It is well known that recuperated microturbine units generating 50-200 kW are projected to achieve net electrical efficiencies approaching 30%(LHV), with low pressure ratios, uncooled operation and turbine inlet temperatures close to 900°C (Barker, 1997; De Biasi, 1998) . Solid Oxide Fuel Cells (SOFCs) on their own achieve 50% net electrical efficiencies and have already been considered for integration with multi-MW gas turbine cycles, projected to achieve extremely high efficiencies for electric power production (Harvey and Richter, 1994:. Stephenson and Ritchey, 1997; Lubelli and Massardo, 1998; Campanari and Macchi, 1998) . The recent successful operation of a 100 kW 50FC plant (Veyo and Forbes, 1998) , with direct natural gas feeding and internal reforming, offers the basis for considering small size plants, based on the successful integration of these two technologies, which could open new market spaces for the beginning of their commercialization (Campanari and Macchi, 1999) .
The SOFC system exhaust temperatures (in the range of 800-900°C) are adequate for an exploitation in a microturbine with the above-mentioned characteristics, and no kind of difficulty has emerged for operating the SOFC system at the pressure required by a microturbine (Bessette and George,1996) . It is therefore possible to design a small recuperative gas turbine cycle, where the combustor is "substituted" by a SOFC system, fed with preheated and compressed air, and generating hot exhaust gases expanded by the gas turbine.
As the interest in such small power systems is not restricted to full load operation only, this paper deals with a full load and part-load performance prediction for this kind of plants.
In the first section of the paper, a model for predicting the performances of a single-stage, high-speed radial-to-radial microturbine is discussed, with recuperative operation, absence of variable-inlet-guide-vanes systems (typically not used on this kind of turbomachines) and with variable speed optimization. Subsequently, the part-load modeling of the SOFC is discussed. In the second section of the paper an integrated SOFC and recuperative microturbine plant is proposed, with a detailed analysis of the fuel cell operating parameters and of the other components characteristics (pressure drops, efficiencies), together with their effects on the plant efficiency. The performances at full and part-load of such a system are predicted, together with the influence of the ambient temperature. Calculations are performed based on state-of-the-art performances of small turbomachinery and on the most advanced SOFC tubular technology, with natural gas feeding, internal reforming of hydrocarbons and internal air preheating.
CALCULATION MODEL

The microturbine model; part-load operation
The developed model makes reference to a single stage gas turbine, with radial compressor and radial turbine and with a recuperative cycle arrangement. With an inlet mass flow rate of 0.4+1.0 kg/s this model is representative for the 4&80 kW-class microturbines actually developed by many manufacturers (De Biasi, 1998; Barker, 1997) : as an example General Electric -Elliott Energy Systems distributes a 45 kW and an 80 kW recuperated gas turbine, with a pressure ratio of 4:1 and net electrical LHV efficiency of 30%, rated with a design speed of 116,000 and 68,000 rpm respectively and with a 0.41+0.84 kg/s mass flow rate (Anon., 1998) ; Allied Signal Aerospace Co. manufactures a 50 kW engine for vehicle applications with 6=3.3 at 75,000 rpm (O'Brien, 1998) and a 75 kW genset with a pressure ratio of 3.8:1 and a design speed of approximately 85,000 rpm.
The high rotating speed of these compact machines require a rectifier+inverter power control system, flattening the high frequency AC output of the high speed generator and subsequently generating the requested grid frequency from the rectified direct current. It is interesting to note that this kind of process could be suitable for integration with the power conditioning system of a fuel cell, typically generating an AC output starting from the cell DC electrical generation.
The model adopts as a reference the compressor map given by Uchida et al. (1994) for a centrifugal compressor developed and tested for application in a 100 kW gas turbine, elaborated according to the similarity rules. This map shows an isencropic efficiency of about 79.5% at the manufacturer design point, which is rated at a pressure ratio of 5.0, 0.445 kg/s and 100,000 rpm, and values somewhat higher (80+82%) at lower speed. For the application discussed here, the design point has been set to a pressure ratio of 3.8 and a specific speed of 0.13 (85,000 rpm at 0.5 kg/s): the resulting operating point, together with the partial load operating curve, is shown in Fig. 1 . The maximum efficiency was set to 79.5% at the design point, with a surge margin fm terms of mass flow) of about 15%.
The curves are adimensionalized with respect to the design conditions, and recalculated in terms of corrected enthalpy change (instead of pressure ratio), corrected flow rate and corrected speed, defined as following (with T, p, mc at the compressor inlet): 0378 .
• . Besides, the model includes a turbine map based on the works of Pullen et al. (1992) for a high pressure ratio radial inflow uncoated turbine, suitable with necessary scaling for engines in the 50-300 kW range. The design point for the turbine, tested and developed for power generation purposes and for small aircraft application, was originally set at a mass flow rate of 0.387 kg/s, 100,000 rpm, TIT=1200 K. total-toStatic pressure ratio of 4.7 and total-to-static efficiency of about 82%.
For the application of this work it is considered to operate with the curves illustrated in Fig. 2 , derived with appropriate scaling from the original map and recalculated as above in terms of corrected quantities (with T, p, mr at the turbine inlet); all the values are then adimensionalized with respect to the design conditions chosen here, which is characterized by a pressure ratio of 3.4, a specific speed of 0.11(85.000 rpm at 0.5 kg/s) and a 0.82 total to static efficiency. The turbine is assumed to gain 2.5% with the diffuser recovery of the exhaust gas kinetic energy at the nominal point; at partial load the efficiency gain is reduced as the square of the flow rate.
The resulting design point turbine isentropic efficiency is therefore 84.5%. These values are in good agreement with the works of Jones (1994) and Kim et al. (1998) The other assumptions for the GT cycle calculation are shown in Tab. I. The minimum temperature difference on the recuperator is set to 45°C; partial load calculation are made by keeping the heat exchanger area as a constant and assuming a dependence of the global heat transfer coefficient on the Reynolds number elevated by 0.6. According to these assumption, the resulting minimum temperature difference becomes lower when the thermal duty of the heat exchanger is reduced.
Pressure ratio (design point) 3.8 Combustor outlet temperature (design point) 900 °C Recuperator ap/p air/gas side (design point) 3%1 6% Minimum AT recuperator (design point) 45°C Heat loss recuperator (design point; T r,1F.15°C) 2% Combustor Ap/p 6% Combustion efficiency 98.5% Organic efficiency (design point) 96% Electric generator efficiency (design point) 95% Power control system efficiency (design point) 96% Fuel compressor efficiency 70% Fuel (natural gas) composition: CH 4 98% -C2H6 0.7% -C3H8+C4H10 0.3%-Sulfur compounds 50 ppmv -N2 1% Table 1 : Gas turbine cycle model assumptions.
The air and gas side pressure drops are set to 3% and 6% respectively at design conditions (accounting for different density and gas speed), and they are varied at partial load as a function of the mass flow and density according to the following relation: m 2 AP s Const x-P as by the Darcy equation for turbulent flows, assuming a negligible variation of the friction factor.
The total amount of the recuperator heat loss is kept constant and independent with respect to the load, assuming that it is mostly influenced by the external temperature of the insulatiob, which is almost constant at partial loads. The same applies for the SOFC heat losses. The combustor preSsure drop is kept for simplicity constant at partial load.
The combustor outlet temperature is set to 900°C, even if some manufacturers declare higher values, close to 1000°C (O'Brien, 1998; Holbrook, 1998) . The resulting design point configuration is shown in Fig. 3 , with an LHV net electrical efficiency of about 30% and a 55.2 kW output. The electrical generator efficiency, together with the power conditioning (rectifier and inverter) system efficiency and the gas turbine organic efficiency are reduced at partial load as shown in Fig. 4 . The organic efficiency curve is generated assuming that the design point loss amount is constant at partial load. The generator design efficiency of 95% is consistent with latest prototype test results (Cam* et al.,1998) . The inverter system efficiency has been set to 96% (Ray and Ruby, 1992) , a value lower than the maximum efficiency (97%) quoted by some manufacturer (Fimet, 1998) ; an efficiency decay of about 5% at 10% load was assumed to quantify the effects of auxiliary losses (ventilation etc.), of main bridge and thyristors losses, etc.
The combustion efficiency is set to the conservative value of 98.5%, while even 99.5% appears to be feasible (O'Brien, 1998) .
The operation at reduced power can be made:
• by a reduction of fuel flow and TIT at constant speed: the operating point on the compressor curve is moved to the right, and the pressure ratio is reduced to accommodate the mass flow requested by the turbine. The operating point on the turbine curves move towards lower TITs, higher n (eq. 3) , lower Ah, (or pressure ratio) and tn. The compressor/turbine matching requires a working condition characterized by a little increase in the air mass flow, a reduction of the turbine and compressor efficiency and great penalties on the cycle efficiency.
• by a reduction of speed at constant TIT (or with a moderate reduction of TIT): the new operating point for the compressor follow the dashed curve in Fig. I , resulting in a lower pressure ratio and a corrected mass flow on the turbine compatible with the requested TIT. The operating point on the turbine curves move towards lower n r and lower Ahe The new working condition is characterized by high compressor and turbine polytropic efficiency and yields almost constant cycle efficiency; the compressor surge margin is always kept around 15%. The results of these calculations are presented in Fig. 5 . It is possible to note that the variable speed operation with constant TIT, or with small TIT reduction, should give the best partial load performances for this machine. At 50% of the full power output it is than possible to achieve a still very high system efficiency, just about 3 percentage points lower than the design efficiency. This is possible because 1) the sensible mass flow reduction leads to reduced pressure losses; 2) the reduced duty on the recuperator leads to a higher heat exchange effectiveness (Fig. 6) , ranging from about 89% to over 93% at the lower loads:
3) the compressor and turbine efficiencies are still high, and the turbomachines are still working in a near-optimum zone (Fig. 6 ): the isentropic efficiency variation is below 5% at about 60% speed.
The circumstance that the cycle efficiency remains high at very low pressure ratios is however typical of recuperative gas turbine cycles. Without considering the electrical losses, the gross efficiency map (here not represented) would show also an expected reduction of the optimum pressure ratio at lower turbine inlet temperatures.
The recuperator effectiveness has a relatively high value (=89%) at design conditions, whose effects on the plant economics are not discussed here; a similar value is reported by Cam0 etal. (1998 Power output % It is made reference to the latest generation of the tubular SOFC, the Westinghouse Air Electrode Supported (AES) fuel cell, with operating temperature of 1000°C, which has been recently tested up to a 100 kW plant size, with the possibility of being easily upgraded to about 200 kW output (Singhal,1997; Veyo and Forbes,1998) .
The SOFC is fed by an oxidizer (air) and a fuel. The two fluxes flow in contact with cathode and anode porous surfaces, separated by a solid electrolyte which is a good O s ion-conductor at the high SOFC operating temperatures. The reduction of molecular oxygen to O • takes place at the cathode, while the fuel is oxidized to steam and carbon dioxide at the anode. The prevailing oxidi7ation reaction is the hydrogen consumption. Hydrogen is generated by internal steam reforming and water-gas shift reactions starting from the natural gas feeding and exploiting the fuel cell high-temperature heat production. hofer.1994); however the high temperature SOFCs sustain also a fraction of CO and CH, direct oxidization. The Westinghouse tubular SOFC system operates following these principles; it is provided with anode recirculation, sustained by an ejector using fresh fuel as driving flow, and with a small pre-reforming step cracking the higher hydrocarbons and reducing carbon deposition problems. The exhaust air and fuel flow, partially consumed by the cell, react up to complete fuel oxidization with an ancillary combustion; the high temperature gases preheat the inlet air flow before being delivered to external components (Ray and Ruby. 1992, Veyo, 1996) . The alternative of external reforming, often considered for planar SOFC feeding, is not discussed here, as it is not employed by the most advanced tubular technology and it adds complexity to the plant configuration. The FC generates direct current electrical energy with an efficiency proportional to its voltage (Bessette and George,1997; Hirschenhofer et al. 1994 ). Fuel and air are not completely consumed at the electrodes to avoid the large voltage losses due to reactant concentration gradients and limited gas diffusivity near the electrodes active area; air and fuel utilization factors (see nomenclature) quantify the consumed fraction.
The SOFC schematic is shown in Fig. 7 . The fuel is desulfurized natural gas, internally reformed by the SOFC itself; the fuel pressure is calculated to ensure the ejector operation. An external compressor rises the natural gas pressure from the 0.3 MPa available in any small network up to the requested pressure (i.e. 1 MPa). Other details about the cell model are discussed in Campanari and Macchi (1997 and . The fuel cell efficiency is positively affected by pressurized operation, with an increase proportional to the operating pressure, while the efficiency decreases by increasing the cell current density.
The model calculates the cell electric power production, heat generation and efficiency together with the thermodynamic properties and chemical composition of internal and external flows in all the representative points, as a function of the cell operating conditions (temperature, pressure. current density, fuel and oxidizer composition and utilization factors).
The cell power output is given by: P=Vx1=VetioxA0 (5) where it is the cell current density and A, the cell active area. The equation shows that a reduction of the FC power output requires a reduction of the cell current density'. In order to define the possible techniques for part-load operation of an integrated SOFC+GT plant, it is necessary to discuss the mutual dependence of the involved variables, which are the cell current density, the air utilization factor and the cell module exhaust temperature.
The temperature of the compressed air fed to the fuel cell module is generally in the range 5001-700°C; the air flow is then preheated by the cell exhaust up to the temperatures required for the cell cooling (point "Airl" in Fig. 7) . It should be noted that the calculation model considers that the depleted air temperature at the cathode outlet is almost constant (close to 1000°C). and that the temperature at the Air I point of Fig. 7 follows the cell heat generation, with maximum variations of 50-100°C; the effective air temperature at the cell electrodes inlet (end of the injection tube) is by this way always close to 900°C, high enough to allow the solid electrolyte operation.
The cell air utilization can be expressed as:
where F is the Faraday's constant (see nomenclature). Any change of the air utilization factor at constant air flow will yield a variation of the cell exhaust temperature, as the cell heat generation is mainly discharged to the air flow (the remaining being partly taken by the fuel flow and partly lost to the ambient): lowering U, will cause a reduction of the cell module exhaust temperature.
With these hypothesis the SOFC exhaust temperature is calculated as a function of the air/fuel inlet temperature, the air/fuel utilization factors and the cell voltage and efficiency. This model gives the possibility of predicting part-load operating conditions and performances.
Two different techniques for cell power reduction (part-load operation) have therefore been considered:
• Constant air flow -Starting from a design point condition, it is possible to reduce the cell current density with a constant air flow, lowering also the air utilization factor (eq. 6) with a linear proportion, and reducing the FC power output.
A reduction of ic and U, will result in a certain increase of the cell voltage V, calculated by the model (due to a reduction of resistance and cell polarization losses, as well as to the higher average oxygen concentration in the air flow), with a global efficiency gain parallel to the power output reduction. The effect of a reduction of U. is also a reduction of the cell exhaust temperature. This first kind of power reduction is suitable for matching the gas turbine operation at constant speed, almost constant air flow and reduced TIT.
• Constant U, -By this modality of part load operation, starting from a design point the air mass flow is progressively lowered. By lowering also the cell current density it is possible to keep the same air utilization (eq. 6). This would give the same cell exhaust temperature, provided that the cell air inlet temperature is kept constant. However. the gas turbine at reduced speed and mass flow operates with a lower pressure ratio and higher TOT (with constant TIT), delivering hotter Another possibility, here not discussed further, is to reduce A, with a by-pass system which excludes some of the cells during part-load operation; the system would be complicated by the necessity of keeping those cells at an adequate hot-stand-by temperature. gases to the recuperator and hotter air to the FC inlet. It is therefore necessary to reduce furthermore the cell current density in order to keep the same cell exhaust temperature at U constant. By this practice, the TIT can be kept to the desired values; the large reduction of ic will also significantly increase the cell voltage and efficiency. This modality of part-load operation is therefore suitable for matching the gas turbine operation at reduced speed, reduced mass flow and constant TIT.
The main assumptions in the SOFC model are shown in Tab. 2; the calculated reference cell voltage is 0.7 V at design conditions. In order to avoid to overestimate the cell efficiency at low loads, the maximum cell voltage has been set to the value corresponding to 1130 mA/cm 2 (minimum value of ic in Fig. 9) .
The same considerations discussed for the efficiency of the gas turbine inverter system apply to the fuel cell DC/AC conversion. Natural gas is preheated at about 400°C to obtain the best efficiency in H 2S and sulfur compounds (mercaptans, odorizing substances) adsorption by mean of catalytic Zinc-Oxide beds; the H2S concentration must be kept under 0.1 ppmv to avoid any cell degradation effect, even if 1 ppmv gives a limited and recoverable voltage reduction (Ray and Ruby,1992; Lundberg 1990 The air and fuel pressure losses are changed with mass flow and density as described by eq. 4. The SOFC total heat loss amount resulting from design point calculation (which includes the auxiliary combustion heat loss) is kept constant and independent of the load; the auxiliary combustion pressure loss percentage is also kept constant at part-load.
PLANT CONFIGURATION AND THERMODYNAMIC
RESULTS
The proposed plant configuration is represented in Fig. 8 with the corresponding energy balances and with the thermodynamic conditions of all the relevant cycle points. It is basically a recuperative gas turbine cycle, where the SOFC receives the preheated and compressed air and delivers hot exhaust gases to the turbine. The main differences with respect to the original microturbine plant of Fig. 3 are the following:
• the pressure losses are larger before reaching the gas turbine, the air flow passes through the recuperator, the SOFC and the auxiliary combustion process, with a total pressure drop of about 14% (vs. 9% for the (iT cycle). The gas turbine operates therefore with a lower pressure ratio and a lower power output; • the SOFC fuel flow is larger than the GT combustor fuel flow, thereby increasing the mass flow in the gas turbine; • a fraction (about 3%) of the turbine exhaust flow is used to preheat the pressurized natural gas before the desulfurization process, up to about 400°C; hence the thermal capacity of the hot flow in the recuperator is a little lower • the conventional combustor is absent: this leads to substantial advantages for NO and CO emission abatement. The analysis of SOFC+GT based power cycles is made with a simulation code already described in Campanari and Macchi (1998) and Consonni et al. (1991) . The SOFC+GT performances were calculated in two steps: 1) the CT part load model discussed in 2.1 was used to calculate all the cycle parameters and component performances of the recuperative CT cycle; 2) the same operating conditions (CT pressure ratio and inlet/outlet temperatures, heat exchangers pressure drops etc., taking into account the design point parameters of Tab. 2) were used as input for the SOFC+GT model, providing point-by-point the corresponding performances of the SOFC+GT cycle. Previous works have shown the possibility of obtaining net electrical efficiencies up to 75% (LHV) for medium (5-50 MW) or large scale (>100MW) power plants adopting advanced gas turbines and SOFC systems with configurations similar or more complex than the cycle represented in Fig 8: these plants benefit of both advanced CT cycles (intercooled, regenerative, reheated cycles) and the advantage of adopting high efficiencY turbomachines (Stephenson and Ritchey, 1997) , often with the addition of complex heat recovery bottoming cycles (Bevc et al.,1996; Campanari and Macchi, 1998, Lobachyov and Richter, 1996) .
The thermodynamic performances of the smaller size and simpler cycle proposed here are nevertheless really remarkable: the net LHV efficiency reaches 65% with a total power output of about 250 kW, generated with a 4:1 ratio respectively by the SOFC and the gas turbine; exhaust gases leave the plant at about 230 °C, giving the possibility of recuperating useful heat for cogeneration (see Tab. 4). These results confirm the possibility of obtaining high efficiencies with low pressure ratio SOFC and recuperated gas turbine cycles already investigated in a previous work (Campanari and Macchi,1998) .
The reversible work losses of this cycle, are represented in Tab. 3 and compared to the GT cycle losses. Table 3 : Second law losses for the CT cycle and for the plant configuration of Fig. 8 .
(ii) the losses related to compressor, turbine, recuperator and stack in the OT cycle are more than double with respect to the SOFC+GT cycle: this happens because in the SOFC plant the majority of the plant electric power is generated by the fuel cell, and the resulting higher fuel input reduces the weight of the losses related to the gas turbine section. Power output % Figure 9 : Partial load performances of the SOFC+GT cycle. The cell current density is reduced according to eq. 5, with lower limit at 100 mA/cm 2. Figure 9 shows the results of the SOFC+GT cycle calculations at partial load: it is interesting to note how the fuel cell capability of achieving higher efficiencies at partial load is reflected on the total system efficiency, raised of about 3 percentage points at 60% of the full power output. The power distribution between the fuel cell and the gas turbine is shown in Fig. 10 : at reduced output the fuel cell weight increases, raising up to more than 6:1 the power ratio with the gas turbine; by this way, thanks to the FC inherent performance gain, the system attains still a high electric efficiency. The heat production associated with the exhaust gases is almost linearly reduced at lower power outputs, with a little reduction of the exhaust temperature due to the lower compressor pressure ratio and to the more effective gas cooling in the recuperator. Figure 11 deals with the calculated effects of changing the ambient temperature on the cycle performances; at nominal rpm, the surge margin decreases at lower temperatures, but it remains always over 12%.
CONCLUSIONS
Detailed calculations for the integration of SOFC and microturbine lead to a 250 kW-class plant with 65% net electrical efficiency (LHV). The possibility of demonstrating such performances on such a small scale plant, based on the available and existing 100 kW-class SOFC technology, could open wide and interesting markets for the future commercialization of these technologies.
The partial load analysis carried out in this paper demonstrates the possibility of obtaining very high system electric efficiency even at reduced plant electrical output, exploiting the fuel cell characteristical performance improvement at low current densities and microturbine Temperature, °C variable-speed optimization. The energy-savings deriving by the • application of such a system to cogeneration on small capacity plants are discussed in Campanari and Macchi (1999) .
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